Abstract
many ncAA-synthetases identified by the first method have the ability to incorporate a variety of 1 different ncAAs even though they maintain their fidelity against canonical AAs. This quality of 2 ncAA-synthetases has been termed "permissivity" [7, 8] (sometimes also referred to as 3 "promiscuity" [9] and "polyspecificity" [10, 11] ) and taking advantage of it has been effective 4 because a surprising number of engineered synthetases have been found to possess broad 5 "permissivity profiles" (i.e. the spectrum of tested ncAAs incorporated by a single synthetase).
6
This second method, in which known synthetases (or mutants thereof) are screened for 7 permissivity is more widely accessible than the first as it avoids the complexities of generating a 8 large library of orthogonal ncAA-synthetases and performing selections which can require gram 9 quantities of ncAA, many of which are expensive or difficult to synthesize. In contrast, the high-10 throughput green fluorescent protein (GFP) reporter assay developed [8] to test the fidelity, 11 efficiency, and permissivity profiles of an already selected ncAA-synthetase typically only 12 requires milligram quantities of an ncAA. However, the success of generating permissive 13 synthetases is heavily dependent on understanding the molecular basis of ncAA-synthetase 14 permissivity.
15
As expected, many different ncAA-tRNA/synthetase pairs have shown permissivity 16 profiles that incorporate ncAAs that are similar to the structure of ncAA for which they were 17 selected [7-10, 12, 13] . While permissivity may seem like a robust attribute for ncAA synthetases, synthetase.
[10, 13, 14] In other cases, homology model-guided site-directed mutagenesis of an significantly larger binding pocket" but "exhibits virtually no permissivity" and that this is also 8 true for "a number of other amino-acyl tRNA syntheses examined with large binding sites."
9
They concluded that there must be "a plasticity unique to pCNF-RS active site." But while
10
noting that the pCNF synthetase active site has a small shift in one helix compared with the wild 11 type synthetase, no specific suggestions were given as to what this "unique plasticity" might 12 involve. Thus, despite this structural study, we still have a poor understanding of why some 13 ncAA-synthetases are widely permissive while others are not.
14
With the structure of a permissive synthetase, one can identify clues about which 15 components of the ncAA need to be present for recognition and which can be varied. Structural incorporate these ncAA has solved unique chemical biology problems because Acd (4) has 22 distinctive fluorescent properties [16] and BiF can generate hydrolysable polymer junctions from proteins [17] . 
Results and Discussion

7
Permissivity Profiles of the G2 and F9 BibaF tRNA synthetases 8 As noted briefly in the introduction, among five sequence-unique M. jannaschii tyrosine 9 tRNA synthetase variants generated to incorporate BibaF (2) into proteins [15] , all were found to 10 equally incorporate the fluorescent amino acid acridon-2-ylalanine, Acd (4), with efficiencies 11 substantially better than those achieved for BibaF (2). [16] Given the substantive size, shape and 12 polarity differences between BibaF (2) and Acd (4), we speculated these might be particularly 13 permissive synthetases and sought to further characterize them. Two of these synthetases,
14
originally identified as the G2 and F9 variants (Table 1) , represented the most different 15 sequences among the five, and we chose them as subjects for a carrying out more extensive 16 permissivity profiles. For this study, a set of twelve additional ncAAs with varying degrees of 17 structural similarity (Fig. 1) were tested for their ability to be incorporated into sfGFP (Fig. 2) .
18
Comparisons of the ncAAs and the efficiencies with which they were incorporated into 19 sfGFP identify two notable motifs that impact their ability to be incorporated. First, those with a 20 polar 'linker' group attached at the para position of the phenyl ring, particularly N-linked amide 21 groups, were well tolerated (e.g. BibaF (2) and AmF (5)). In the case of the G2 synthetase, an 22 amine at this position (e.g. Acd (4), Tet-F (6) and AF (7)) was sufficient for incorporation, Supplemental Fig. 1 ). This suggests that the low efficiency of the G2 synthetase for Tco-amF (3)
5
can be overcome with additional ncAA in the media and that this synthetase could very well 6 have been be selected with this ncAA if used at higher concentrations (provided higher ncAA Though both the G2 and F9 synthetases were permissive to some degree, the G2 variant 21 is notably more so than the F9 variant as it incorporated amino acids that the F9 did not, such as Tco-amF (3), Tet-F (6), AF (7) and B-Tyr (10). Additionally, for those amino acids that both G2 23 and F9 could incorporate, the G2 variant was more efficient. Because these two synthetases 1 differ considerably with five of the seven possible library sites having different amino acids, this 2 difference offered a unique opportunity to use structural and mutagenic analyses to investigate 3 the molecular underpinnings of their distinct permissivity profiles, including seeking to solve 4 crystal structures of the same synthetase with different ncAAs bound in its active site.
We solved the structures of both the G2 and F9 synthetases with their parent substrate,
6
Bibaf (2), bound to their active site. We also were able to solve the structure of the more with BibaF (2). The three synthetase structures all adopted the same "closed" conformation state 13 as seen for other MjTyr-synthetase variants with substrate bound to its active site [6, 22, 23] (~0.5 Å
14
Cα RMSD to wild-type for all three structures), and were refined at resolutions near 2.0 Å, 15 sufficient for identifying key protein-substrate interactions.
16
The G2-synthetase complex with BibaF. Analysis of initial diffraction data sets showed 17 that during data collection, the synchrotron radiation cleaved the bromine atom from the BibaF
18
(2) substrate. To minimize this problem, multiple short data sets were merged together to 19 generate a complete data set with minimal radiation damage (see Materials and Methods). Using 20 these data, electron density for the substrate, including that of the bromine atom, was well-21 defined (Fig. 3A) . Refinement showed that the bromine atom was best modeled at 0.5 22 occupancy, implying that some cleavage occurred even during the short periods of data 23 collection used. The final structure refined at 1.9 Å resolution had R/R free values of 19.4/24.3% 1 (Table 2) .
2
The G2-BibaF complex shows how its six mutations relative to the wild-type Tyr functional groups to make any halogen bonds [24] to the protein. In general, the active site pocket 13 is well suited to accommodate a para positioned polar group (e.g. an amide, amine or ester 14 group) that links to the phenyl ring a larger, generally hydrophobic substituent. We infer from 15 this structure that the permissivity of the G2 synthetase combines a strong binding interaction to 16 one part of the ncAA (the amide linkage) with a rather indiscriminant pocket for an additional 17 part of the ncAA.
18
The G2 synthetase complex with Tco-amF. The structure of the G2 synthetase with Tco-19 amF (3) bound in the active site was refined at 1.9 Å resolution to a final R/R free of 20.4/25.4%.
20
The electron density maps revealed unambiguous density for the Tco-amF (3) substrate ( here is not sufficient to unequivocally conclude that no other stereoisomers and orientations are 6 bound in minor populations, that ambiguity has no impact on the insights we derive from the 7 complex. For simplicity all subsequent discussions of the G2-Tco-amF structure will refer to this 8 single stereoisomer that we have modeled (Fig. 3B ).
9
Modeling the Tco-amF (3) substrate into the electron density maps of the active site 10 revealed the presence of several protein-substrate interactions that are similar to those seen in the 11 G2-BibaF complex (Fig. 3B ). In particular, Glu65 again makes a hydrogen bond to the amide N-
12
H as it did in the G2-BibaF structure while the carbonyl oxygen of the amide makes a similar The accommodation of the very bulky cyclooctene group also involves flexibility in the
22
active site pocket as is observed in the movement of Lys162 and the helix on which it resides.
23 1 compared to the G2-BibaF structure (Fig. 4A) . In addition to this, it seems that the bulk of the 2 cyclooctene group forces a further adjustment in protein substrate binding pocket that is unusual done for the G2-BibaF structure produced electron density maps with strong evidence for its 14 presence in the F9 active site (Fig. 3C) . Also as for the G2-BibaF complex, the BibaF ligand was 15 modeled at 1.0 occupancy except for the bromine atom, which was modeled at 0.5 occupancy 17.9/23.5% (Table 2) .
18
The F9 synthetase has four mutations relative to the wild-type MjTyr synthetase (Y32G,
19
L65E, D158G, I159C) and five differences from that of the G2 synthetase (see Table 1 ). Despite 20 these five differences from G2, the overall architecture of the F9 active site bound to BibaF is 21 quite similar to that of the G2 synthetase (Figs. 3C and 4B ). In particular, the N-H group and Glu65 and a water molecule, respectively. Unlike in the G2 synthetase, Glu65 of the F9 1 synthetase makes a hydrogen bond to Gln109 (which is a methionine is G2), and this may anchor 2 the conformation of Glu65 more tightly and make it less able (compared with the G2 synthetase) 3 to flex in position to accommodate polar linker groups on different ncAAs (Fig. 3C ).
4
Interestingly, the amide group is not rotated out of the plane of phenyl ring unlike the G2-BibaF 5 or G2-Tco-amF structures (Fig. 4B) .
6
Other notable differences between the F9-BibaF and the G2-BibaF structures reside in the (Fig. 4C) . Mutations probing the origins of G2 and F9 synthetases specificity and permissivity
7
The above structural and functional characterizations of the G2 and F9 synthetases 8 provided important groundwork for understanding the molecular underpinnings of their differing 9 activity and permissivity profiles. As a follow up to this work, we designed several mutations to 10 test specific hypotheses and to sample the sequence space between the two synthetases. The 11 activities of these hybrid synthetases and additional variants we created were evaluated in the 12 same sfGFP reporter system using a representative subset of ncAAs that were tested in the 13 original permissivity profiles. expanded permissivity (Fig. 5) . These results confirm what has been seen before that the 5 enlargement of the active site cavity doesn't inherently expand permissivity, but that the 6 substrate binding pocket size can be an important contributing factor to permissivity.
A third set of mutations were designed to expand the relatively restricted permissivity canonical AAs, its permissivity to all other tested ncAAs was abolished (Fig. 5 ). This again
14
demonstrates that enlargement of a synthetase active site pocket is alone not sufficient to expand 15 its substrate range.
16
A second site of interest was the Ser158/Trp108/Tyr114 hydrogen bonding network 17 observed in the G2 synthetase that we have proposed is contributing a novel stability-based 18 factor toward the efficiency and permissivity of the G2 synthetase. The F108W mutation had 19 minimal effect on the F9 synthetase (Fig. 5) , and would not be expected by itself to create a 20 stabilizing hydrogen bonding network. On the other hand, the G158S mutation, which would be 21 expected to add an additional hydrogen bond in the active site to Tyr114 (see Fig. 3A ), increased fidelity in that it showed greater activity with canonical AAs. Adding in a second intra-protein 1 hydrogen bond into the active site via the double mutation F108W/G158S enhanced these effects 2 by worsening the synthetase fidelity still further but also further increasing the efficiencies of 3 Acd (4) and AmF (5) incorporation. These observations with the F108W/G158S F9 variant are 4 consistent with it being a synthetase that is able to bind substrates with less discrimination, and 5 thus supports our hypothesis that Ser158-Trp108-Tyr114 hydrogen bonding network does 6 specifically enhance the stability of the closed state. Future experiments will be aimed at further 7 testing this hypothesis by carrying out in vitro studies of enzyme kinetics and thermodynamic 8 stability using purified samples of these variants and of the native F9 and G2 synthetases.
9
Concluding Remarks
11
The site-specific incorporation of functionally diverse ncAAs into proteins has proven to 12 be a widely successful tool for studying protein function but it is largely limited by the creation that is required for catalysis. Our mutational studies of this motif show that these amino acid side 10 chains can indeed modulate the fidelity, efficiency and permissivity of the synthetase. We 11 therefore suggest that intra-protein interactions contributing to the overall stability and kinetics
12
of the synthetase as it undergoes conformational changes inherent to the catalytic cycle as a 13 novel factor to consider in engineering permissive ncAA-synthetases.
14 15
Materials and Methods
16
Permissivity profile development for the G2 and F9 synthetases 17 The ncAAs used in this study were purchased from Peptech (Burlington, MA), Bachem (FluA, 14) [26] ; 4-carbamoylphenylalanine (CarF, 15). The synthesized Tco-amF (3), was 3 provided by Dr. Joe Fox (U. Delaware). Mutations were introduced into the G2 and F9
4
synthetase genes using established overlap extension PCR protocols [27] , and were confirmed by 5 sequencing.
6
To measure the efficiency and fidelity of ncAA incorporation, a pBad expression plasmid BibaF-F9 synthetase (see Table 1 ) into DH10B cells [7, 8, 15] . ncAA dissolved at 1 mM (or 5 mM 10 in the case of Tco-amF (3)) in 5 ml autoinducing medium (see Supplementary Table 1) (Qiagen). The synthetases were expressed in BL21(DE3) cells and purified as previously 1 described [20] with only minor modifications.
[6]
2
Crystals of BibaF-and Tco-amF-bound G2 synthetase were grown using the hanging- grew to full size (~200 x 100 x 100 µm) within 3-6 days, at which time they were harvested by 8 direct submersion into liquid nitrogen.
9
Unlike crystals of the G2 synthetase, crystals of the F9 variant would not grow in the 10 presence of substrate under the conditions tested. To obtain a substrate-bound structure, crystals 11 of the apo F9 enzyme were grown in the absence of substrate as described above for the G2 12 synthetase except that slightly higher concentrations of PEG 300 were utilized (22-25%).
13
Crystals grew within 4-6 days, at which time crystals were removed from their crystallization 14 drops and incubated in an artificial mother liquor (25% PEG 300, 5% PEG 8000, 10% glycerol volumes at opposite ends of a single crystal. Data were processed using HLK2000 or iMosflm 6 v1.0.040, scaled and merged in space group P4 3 2 1 2 using SCALA; 5% of the data were 7 randomly flagged for use in R free . Data collection statistics are reported in Table 2 . Structures were determined by molecular substitution [28] using a previously solved 9 synthetase structure (PDB 2zp1 with substrate omitted). All model building and refinements
10
were conducted using Coot v0.6.1 [29] and Phenix v1.8 [30] , respectively. Standard criteria were [31] refinement of B-factors was performed for 13 each structure using two groups which roughly correspond to the N-and C-terminal domains
14
(residues 1-195 and 196-310) . For all structures, the electron density for the substrate was not 15 interpreted until the final rounds of refinement. Molecular restraints for the BibaF (2) and Tco-16 amF (3) substrates were created using Phenix-Elbow [30] . All substrates were modeled at an 17 occupancy of 1.0, however the bromine atom of BibaF was modeled at ~50% occupancy.
18
Molprobility [32] was used to monitor model geometry. The G2-BibaF (1.9 Å resolution), G2-Tco- 
